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Subkilohertz comparison of the single-ion optical-clock2S1/2-
2D5/2 transition in two 88Sr1 traps
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A simultaneous observation of the optical-clock2S1/2-
2D5/2 transition at 674 nm, in two separately trapped

single 88Sr1 ions, is reported. Two nominally identical miniature rf Paul traps were used together with a
674-nm sideband-injection-locked extended-cavity diode laser. This ‘‘slave’’ laser was optically phase locked
about 650 MHz away from a ‘‘master’’ diode laser, which was itself locked to a high-finesse, ultra-low-
expansion~ULE! cavity. The ULE cavity was temperature-stabilized and suspended in an evacuated enclosure,
and provided an ‘‘optical flywheel’’ reference standard with a relative drift rate of better than 1 part in 1011 per
hour. The difference between center frequencies of the single88Sr1-ion 674-nm~445-THz! transition multiplet
in two traps was 120~90! Hz ~one standard uncertainty!. Thus the two trap center frequencies agree to 3 parts
in 1013. @S1050-2947~99!50405-8#

PACS number~s!: 32.80.Pj, 32.60.1i
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INTRODUCTION

Future optical frequency standards may be based on
erences in trapped ions, and transitions in a number of
species are being investigated@1#. One possible frequenc
reference is the quadrupole2S1/2-

2D5/2 transition in ions
with an alkali-metal-like term structure. The natural width
these transitions is in the region of 1 Hz. For example,
88Sr1, the 2S1/2-

2D5/2 ‘‘optical-clock’’ transition at 674 nm
has a natural width of'0.4 Hz. The transition frequency ha
been measured at both the UK National Physical Labora
~NPL! @2# and the National Research Council of Cana
~NRC! @3–5#. The 88Sr1 674-nm transition was recently rec
ommended by the Comite´ International des Poids et Mesure
as a new radiation for the realization of the meter@6# and is
the first ion-trap-based optical frequency standard to be
included. The agreement between measurements of
674-nm 2S1/2-

2D5/2 optical-clock transition frequency mad
at NPL and NRC is currently at the 100-kHz level. The NP
measurement used precision interferometric techniques
tive to a 633-nm iodine stabilized laser@2#, while NRC used
both a heterodyne link to 633 nm@3,4,6# and a preliminary
chain arrangement direct to a 9.2-GHz Cs primary stand
Improved measurements are planned at both laborato
@4,7#.

While it is important to determine the absolute frequen
of the 674-nm transition in88Sr1, it is also necessary to
investigate its stability and reproducibility. At NPL, a pro
gram is underway to study these parameters by compa
the 674-nm transition in two separately trapped88Sr1 ions.
This paper reports the subkilohertz comparison of the88Sr1

674-nm ‘‘optical-clock’’ transition, simultaneously observe
in single ions in two nominally identical traps.

A partial term scheme of88Sr1, showing the Zeeman
structure, is given in Fig. 1. The first-order magnetic-fie
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dependence results in the 674-nm2S1/2-
2D5/2 transition split-

ting into ten Zeeman components. The relative intensities
the components depend on the relative orientation of the
larization of the 674-nm radiation, the direction of th

FIG. 1. A partial88Sr1 term scheme, showing the Zeeman spl
ting of all of the levels involved in the cooling and interrogation
the ion. The lower half of the figure shows the ten Zeeman com
nents expected for the 674-nm transition and their assignments
R3178 ©1999 The American Physical Society
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residual magnetic field, and the direction of propagation
the 674-nm radiation, due to the electric quadrupole tra
tion selection rules. For example, with a magnetic field p
allel to the direction of polarization of the linearly polarize
674-nm radiation, only theDmJ561 components are ob
served, whereas if this field were orthogonal to both
674-nm laser polarization and direction of propagation, th
only theDmJ562 lines would be observed@8#.

TRAP AND LASER SYSTEM

Figure 2 shows a schematic diagram of the two-trap
periment and associated lasers. The miniature rf Paul t
are identical to one described elsewhere@2,9#, and have a
radius of'0.5 mm. The two traps had slightly different

FIG. 2. Overall schematic of the probe and cooling laser syst
The acousto-optic modulators (AOM1 and AOM2) switch the cool-
ing and probe lasers off for both traps. The fiber laser output is
polarization modulated and the probe laser system is shown in
tail in Fig. 3.
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drive frequencies of 12.4 MHz and 14.2 MHz. Shields we
incorporated in the oven design to prevent the stronti
atomic beam from coating the Brewster-angled entrance w
dow to the trap. The ions, one in each trap, were coo
using the 2S1/2-

2P1/2 transition at 422 nm, and the sam
frequency-doubled laser diode system was used for b
traps @9–11#. A Nd31-doped fiber laser was also require
and this was tuned to the2P1/2-

2D3/2 transition, in order to
prevent the loss of the ions from the cooling cycle by dec
into the 2D3/2 state.

For this two-88Sr1-trap work, a different probe laser ar
rangement was used and is shown in Fig. 3. The 674
source was a sideband-injection-locked ‘‘slave’’ extende
cavity diode laser@12,13#. Sidebands were imposed on th
slave laser and one of these was optically locked to a ‘‘m
ter’’ laser that was injected into the slave via a half-wa
plate that was used to vary the power by adjusting the r
tive orientation of the polarizations of the two lasers. T
master laser was another 674-nm diode laser, prestabil
using resonant optical feedback, and locked to a high-fine
temperature-stabilized nontunable ultra-low-expans
~ULE! cavity, suspended in an evacuated enclosure@2#. The
slave laser was offset'650 MHz away from a master lase
This offset was determined by the frequency of the sideba
imposed on the slave laser and was chosen to bridge
frequency interval between the Sr1 2S1/2-

2D5/2 674-nm tran-
sition and the nearest mode of the ULE cavity. The modu
tion was provided by an oscillator controlled by a perso
computer~PC! through an Institute of Electrical and Elec
tronic Engineers 488.2 interface. The long-term drift of t
master laser, which was determined by the drift of the U
cavity, was'4 kHz/day, but larger cyclic drifts of up to 3
kHz/h were observed. This was probably due to daily roo
temperature changes affecting the ULE cavity temperat
During the time taken for each scan, typically 10 min, t
laser drifted by'500 Hz. However, over this short tim
scale this drift was predominantly linear and, since the sa
laser was being used in both traps, the effect on the obse

.

o
e-
FIG. 3. Detailed arrangement of the 674-nm probe laser system. The master laser has been described previously@2#, although the
sideband injection locked system has only recently been implemented@12#.
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transition center frequency difference was negligible. T
master laser linewidth is'1 kHz, as determined from th
width of the observed 674-nm Zeeman components@9#.

The procedure for interrogation of the88Sr1 674-nm tran-
sition in two traps is a modification of the previously pu
lished routine@10# for one trap. The fluorescence rate at 4
nm from both traps is recorded simultaneously using a
plug-in card, which has a number of countertimers. Th
may be set up so that they are gated simultaneously and
the count at the end of each gate time, which is typically
to 20 ms. The stored counts are read by the PC some
before the start of the next cycle. The cooling and pro
lasers are alternately switched using acousto-optic mod
tors ~Fig. 2!. An interrogation cycle begins with the tw
single 88Sr1 ions fluorescing, one in each trap. The PC th
switches the cooling laser off in both traps, and a pulse
674-nm radiation of a few millisecond duration follows, b
fore the cooling light is restored. If either ion stops fluores
ing, then a quantum jump event is recorded for that trap
the PC waits until fluorescence is restored in both traps
fore repeating the cycle. Typically 40 interrogations a
made at one particular probe laser frequency before the
quency is stepped via the IEEE interface.

The two traps are housed insidem-metal shields to reduce
the effect of the ambient magnetic fields. In addition, th
pairs of coils are mounted inside them-metal shield and the
currents through them adjusted to further reduce the dc m
netic field at trap center. The currents in these coils are
varied in order to provide controlled Zeeman splitting of t
674-nm transition. Them-metal shields also reduce the effe
due to ac magnetic fields at 50 Hz produced, for example
neighboring electronics units and mains cables.

Initially the magnetic field at the center of both traps w
nulled to within a few microtesla. This was achieved
varying the current in each pair of coils, minimizing the flu
rescence with the fiber laser tuned to the2P1/2-

2D3/2 transi-
tion at 1092 nm in a static polarization state. Cooling a
interrogation of the ion were undertaken with the 1092-
laser polarization modulated at'2 MHz, in order to prevent
optical pumping into dark states of the2P1/2-

2D3/2 transition
@14#. Once the magnetic field was less than a few microte
the separation of two symmetrically placed pairs of Zeem
components was used in order to reduce the field furthe
field of typically a few microtesla was then applied to sep
rate the Zeeman components; the magnetic-field direc
could be chosen to select a particular subset of compone

TRANSITION CENTER FREQUENCY COMPARISON
BETWEEN THE TWO TRAPS

A series of simultaneous two-trap scans was taken
three days. Before each scan, the level of rf micromot
along the direction of the cooling beam was minimized
adjusting the trap bias voltages using the rf-photon corr
tion diagnostic technique@15#. Figure 4 shows one of the
simultaneous two-trap scans of the 674-nm2S1/2-

2D5/2 tran-
sition over a 200-kHz region, with a step resolution of 5
Hz. The magnetic-field strength and direction were differ
in the two traps, but the polarization of the 674-nm radiat
was horizontal in both cases. The residual magnetic fiel
the center of the first trap was nulled to about 1mT using the
e
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techniques described previously. An additional field w
then applied to deliberately separate the Zeeman com
nents, resulting in a total magnetic field of'2.2 mT, esti-
mated from the observed Zeeman component splittings.
resultant field direction was not parallel to the direction
the laser beams and was neither parallel nor orthogona
the 674-nm polarization. This enabled all ten Zeeman co
ponents to be observed~see Fig. 4, upper scan!. The mag-
netic field in the second trap was estimated to be'1.1 mT,
with the dominant component along the direction of the r
laser. This explains why theDmJ561 lines were seen bu
DmJ50 and62 transitions were not observed~Fig. 4, lower
scan!. An additional magnetic field was not needed for t
second trap since the Zeeman components were well s
rated.

For each of the eight two-trap scans, the line center
each Zeeman component was determined by fitting a Lor
zian curve to the feature. Fitting the data to Gaussian profi
made no significant difference to the estimated centers.
center of the88Sr1 674-nm 2S1/2-

2D5/2 transition was deter-
mined by finding the midpoint between the pairs of Zeem
components lying symmetrically on either side of line cent
A mean center frequency value was then estimated by a
aging these results for each scan.

FIG. 4. A ‘‘two-trap’’ scan over the2S1/2-
2D5/2 674-nm probe

transition, recorded using a frequency step size of 500 Hz. Altho
the individual components are significantly frequency-shifted in
presence of a magnetic field, the centers of Zeeman compon
~which are positioned symmetrically about the true line cent!
were used to estimate the transition center frequency of an i
vidual scan to typically 200 Hz.
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The average difference between the center frequencie
the single-ion88Sr1 2S1/2-

2D5/2 transition measured in two
traps for eight simultaneous pairs of 674-nm scans w
120~90! Hz. This mean was calculated from the differenc
determined from the individual scans. These were weigh
according to the estimated transition center uncertain
from each determination. The quoted 1s uncertainty~90 Hz!
was derived from the scatter of the results obtained from
eight simultaneous scans. Thus there is no statistically
nificant difference between the center frequencies of
674-nm 88Sr1 2S1/2-

2D5/2 transitions measured in the tw
ion traps.

While this initial study has not included any detaile
study of the variation of the transition frequency with diffe
ent operating parameters, the magnetic field was varied
3.6 mT between the traps on different simultaneous sc
with no observable variation in the center frequency. It
likely that the level of micromotion and secular motion in t
two traps was not always exactly the same during each
multaneous scan; however, any resultant shift due
second-order Doppler shift would be well below the pres
level of measurement uncertainty@16#. The Zeeman compo
nents of the 674-nm2S1/2-

2D5/2 transition in88Sr1 shift lin-
early with magnetic field and this may limit the ultima
accuracy of an even isotope strontium optical freque
standard. The possibility of using87Sr1, which has
2S1/2-

2D5/2 transitions that are free from the first-order Ze
a
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man effect, has been analyzed and will be reported elsew
@17#.

CONCLUSION

A comparison of'200-kHz-wide simultaneous scan
over the single88Sr1-ion 674-nm transition multiplet, has
been presented. To our knowledge, this is the first comp
son of an optical transition interrogated in two ions confin
in two separate ion traps. The average measured offset
tween the transition center frequencies observed in diffe
traps was 120 Hz~3 parts in 1013), with a standard uncer
tainty of 90 Hz. There was therefore no evidence at this le
of any significant offset between the88Sr1 2S1/2-

2D5/2 tran-
sition center frequencies observed in the two traps. The
certainty of this comparison corresponded to the scatte
the determinations from each pair of Zeeman component
the eight scans. A narrower probe laser, together with lon
interrogation times and reduced cavity drift, would impro
the ability to measure these features and study system
effects at the few-hertz level.
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